The absolute single photoionization cross-section was measured for Cl-like K 2+ over the photon energy range from 44.2 -69.7 eV at a constant energy resolution of 0.045 eV. The experiments were performed by merging an ion beam with a beam of synchrotron radiation from an undulator. The ground-state ionization threshold was measured at 0.004 eV energy resolution to be 45.717 ± 0.030 eV. The measurements are rich in resonance structure due to multiple Rydberg series of transitions to autoionizing states. These series are assigned spectroscopically using the quantum defect method, guided by pseudo-relativistic Hartree-Fock calculations for the energies and oscillator strengths of transitions to autoionizing states. The experimental results, which include significant contributions from K 2+ ions initially in metastable states, are in satisfactory agreement with a linear superposition of semi-relativistic R-matrix calculations of photoionization cross sections from these initial states.
I. INTRODUCTION
Studies of photoionization of atomic ions lead to a fundamental understanding of atomic interactions occurring in the earth's atmosphere [1] and in high temperature environments such as stars, nebulae [2] and controlled thermonuclear fusion reactors [3] . Experiments on photoionization of atomic and molecular ions have become possible by utilizing the high photon flux of thirdgeneration synchrotron radiation sources and the photonion merged-beams technique [4] [5] [6] , facilitating measurements at an unprecedented level of refinement and precision. Photoionization cross sections of potassium ions have many applications in astrophysics. Various lines of K 2+ (K III) and K 3+ (K IV) ions have been detected in the planetary nebula NGC 7027 by the infrared Space Observatory Short Wavelength Spectrometer (SWS) [7] .
An analysis using a simplified photoionization model with CLOUDY [8, 9] produced acceptable results when modeling the NGC 6302 neon line intensities from various ionization stages. The model predicts a K VII line to be the brightest of the K III to K VII series of ionic lines. The measured upper limits for the lower-excitation [K] lines in the SWS spectrum of NGC 6302 are consistent with intensities predicted by the model. However there is always room for improvement and the need for more accurate atomic data is essential for these types of predictions. Furthermore, K III and K VI lines are also seen in the ultraviolet and visible spectra of the symbiotic nova RR Telescopii [10, 11] and in the coronal line region of planetary nebulae NGC 6302 and NGC 6537 [12] .
The photoionization process provides a highly selective probe of the internal electronic structure and dynamics of atoms, molecules and their ions. Systematic studies along isoelectronic sequences are useful in predicting unknown spectra for other members of the sequence. Strong electron-electron interactions introduce complexity to the electronic structure of the chlorine isoelectronic sequence. Apart from the work of our group, only limited experimental measurements have been carried out of photoionization cross sections for this isoelectronic sequence. We note that preliminary studies of 2p photoabsorption in Cl, Ar + , K 2+ , and Ca 3+ ions were made by Martins et al. [13] but full details were not published. This work was recently extended in a detailed study of inner-shell photoionization of Cl by Stolte and co-workers [14] , who measured relative partial ionization cross sections following photoexcitation of atomic chlorine near the Cl 2p and Cl 1s ionization thresholds. Accompanying BreitPauli R-matrix theoretical calculations performed in the region of the 2p thresholds showed suitable agreement with experiment.
Photoionization of atomic chlorine in the valence region was studied experimentally by several groups using photoelectron spectroscopy [15] [16] [17] [18] . Alna'Washi and coworkers performed absolute cross-section measurements for the Ca 3+ ion using the photon-ion merged-beams method that were in satisfactory agreement with Rmatrix calculations performed in intermediate coupling [19] . Similarly, absolute photoionization cross-section measurements for Ar + ions by Covington and co-workers [20, 21] using the merged-beams technique were also in satisfactory agreement with theory. In that study,17 Rydberg series due to 3p → ns and 3p → nd converging to the 1 D 2 and 1 S 0 states of Ar 2+ were assigned [21] . We note that the 3p photoionization cross-section of Cllike Potassium (K 2+ ) has been calculated previously using the R-matrix theoretical approach in LS-coupling [22, 23] , where the presence of the 3s 2 3p 4 ( 1 D 2 )nd and 3s 2 3p 4 ( 1 S 0 )nd Rydberg series were clearly illustrated. Photoionization of atomic chlorine has been extensively studied theoretically during the last few decades using a variety of approximations. These include Rmatrix and K-matrix calculations carried out by several groups [24] [25] [26] [27] , the configuration-interaction method [28] , many-body theory [29] , open-shell transition-matrix [30] , and an effective single-particle potential [31] .
This paper completes an investigation at the Advanced Light Source of photoionization of ions of the Cl isoelectronic sequence. The absolute photoionization crosssection was measured for K 2+ ions in the energy range 44.2 -69.7 eV. Resonances observed in the photoionization cross section are assigned spectroscopically using quantum defect theory (QDT) guided by pseudo relativistic Hartree-Fock calculations of energies and oscillator strengths of autoionizing transitions (performed using the Cowan atomic structure code). The measurements are compared directly with new R-matrix [23] theoretical results obtained in intermediate coupling using the Breit-Pauli approximation.
II. EXPERIMENT
Absolute photoionization cross sections were measured using the merged-beams technique on the ion-photonbeam (IPB) end station on undulator beam line 10.0.1.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory. A detailed description of the measurement technique was reported by Covington et al. [32] and only a brief description is presented here. Atomic potassium was thermally evaporated into the discharge of a 10-GHz permanent-magnet electron-cyclotron-resonance ion-source. Ions were extracted and accelerated by a potential difference of +6 kV, focused and collimated by a series of cylindrical einzel lenses and slits and magnetically analyzed according to their momentum-per-charge ratio. A beam of 39 K 2+ ions was selected, collimated and directed to a 90
• electrostatic deflector, which merged it onto the axis of the highly collimated photon beam. The latter was produced by an undulator and energy selected by a grazing-incidence spherical-grating monochromator. A cylindrical einzel lens focused the ion beam at the center of the interaction region of length 29.4 cm. For absolute measurements, an electrical potential of +2 kV was applied to energy-label K 3+ product ions produced therein. Two-dimensional spatial profiles of the merged ion and photon beams were measured by three translating-slit scanners at the beginning, middle and end points of the interaction region. Product K 3+ ions were separated from the primary K 2+ ion beam by a 45
• demerger magnet. The primary beam was collected in an extended Faraday cup, while a spherical 90
• electrostatic deflector directed the product ions onto a stainlesssteel plate biased at -550 V, from which secondary electrons were accelerated to a single-particle detector. The photoion yield was measured as the photon energy was stepped over the range 44.20 -69.70 eV. Absolute photoionization cross-section measurements were performed at a number of discrete photon energies where no resonant features were present in the photoion-yield spectra.
The absolute cross-section measurements were used to place the photoion-yield on an absolute cross-section scale. The total absolute uncertainty of the photoionization cross-section measurements in this experiment is estimated to be ± 20%. The monochromator settings for the experiment with K 2+ ions was calibrated using the IPB end-station by re-measuring the
, and 2 P o 3/2 photoionization thresholds of Kr 3+ , for which the energies 48.79 ± 0.02 eV, 48.59 ± 0.01 eV, 46.91 ± 0.02 eV, and 46.62 ± 0.02 eV, respectively, were determined in a previous experiment [33] . The resulting uncertainty in the photon energy scale for the present K 2+ measurements is conservatively estimated to be ± 0.030 eV.
III. THEORY A. R-matrix calculations
For comparison with the high-resolution measurements, state-of-the-art theoretical methods using highly correlated wave functions with the inclusion of relativistic effects are required, since fine-structure effects are resolved in the experiments. R-matrix [23, 34] calculations of the photoionization cross-sections for the K 2+ ion were performed in intermediate coupling using an efficient parallel version of the R-matrix codes [35] within the confines of a semi-relativistic Breit-Pauli approxima-tion [23, 34] Table I together with their ionization potentials. The percentage difference compared with the available NIST tabulated values is included to try and gauge the accuracy of the present Breit-Pauli results. In Table I the calculated ionization potentials (using the closed-channel semi-relativistic Breit-Pauli R-matrix approximation) is seen to differ from the NIST tabulated values by a few percent for most of the levels and about 8% for the higher lying excited states.
We note in the absence of available NIST tabulated values (as is the case for many of the K III levels shown here) the present Breit-Pauli results provides an estimate, particularly for the higher excited states. As can be seen from Table I , the finite basis set employed and the limited electron correlation included in the collision model illustrates the difficulty of representing the energies of these excited states accurately. This is evident from the higher lying excited metastable levels, with particularly the 3s 2 3p 4 3d ′ 2 D 5/2 and 3s 2 3p 4 4s 4 P 5/2 level splitting deviating by approximately 8% from the NIST tabulations. It is not the remit of this paper to provide definitive values for the excited state ionization potentials within the present limited approximation. Rather, the focus and aim of the present work is to try and provide an estimate and assess the contribution of resonance features in the photoionization cross sections from all the excited metastable levels considered here. Only extensive multi-configuration interaction atomic structure calculations (that includes fully relativistic effects), using progressively larger basis sets and configuration interaction (CI) expansions can address convergence to the definitive values for the ionization potentials and truly assess the accuracy of the present Bret-Pauli work.
Fully relativistic structure calculations (shown in Table I) for the K 2+ (K III) ion were carried out using the Grant code GRASP [41] [42] [43] with the 3s 2 3p 5 , 3s3p 6 , 3s 2 3p 4 3d and 3s 2 3p 4 nℓ (n= 4, 5 with ℓ = s, p, d and f ) configurations (205 levels), We use these calculations to try and assess the accuracy of fine-structure excitation threshold levels obtained from the closed-channel BreitPauli R-matrix results. As shown in Table I , the fully relativistic structure calculations using the GRASP code (with this larger basis set and CI expansion) for these same levels give much better agreement with the tabulated NIST values. The agreement is better than 4.6% with many cases at the 2% level. Extending the basis set and CI expansions further would yield better agreement with the NIST values but be prohibitive to include in a collision model. The results from these relativistic structure calculations performed with the GRASP code [41] [42] [43] shown in Table I are seen to provide a more accurate representation of the excited state metastable threshold energies and the j-level splittings in the absence of experiment. We note for the ground state ionization threshold the GRASP calculations are in excellent agreement with the NIST value.
The Hamiltonian matrices for all the 1/2 Table I , the electron-ion collision problem was solved (in the resonance region below and between all the thresholds) using a suitably fine energy mesh of 5x10 −8 Rydbergs ( 0.68 µeV). These scattering calculations allowed complete resolution of the detailed resonance structure found in the appropriate photoionization cross sections for this ion. Radiation damping was also included in our scattering calculations. The theoretical cross sections were convoluted with a Gaussian distribution having a profile of the same full-width at half maximum (FWHM) as that of experiment (45 meV) which enabled a direct comparison to be made with the • 3/2,1/2 lower levels. The ionization thresholds are given in eV for the K 2+ (K III) ion. NIST tabulated values are included for comparison purposes as are detailed atomic structure calculations using the GRASP code. The percentage differences ∆1 (%) and ∆2 (%) with the NIST values (where available) are respectively the Dirac and Breit-Pauli approximations. experimental measurements. To simulate the ALS experimental measurements, a non-statistical averaging of the theoretical R-matrix photoionization cross-sections was performed for the ground and the metastable states which showed satisfactory agreement.
B. Hartee-Fock calculations
The Hartree-Fock approximation [44] assumes that each electron in the atom moves independently in the nuclear Coulomb field and the average field of the other electrons and so the N-electron wave function is just the anti-symmetrized product of N one-electron spatial wave functions. As a guide in the assignment of resonant features in the measurements, the Cowan atomic structure code [45] , which is based on the relativistic Hartree-Fock (HFR) approximation, was used to calculate the energies and strengths of excitations contributing to the photoionization cross-section for K 2+ . In the calculation of all transitions, 3s 2 3p 5 was selected as the initial configuration. The final configurations selected were 3s 2 3p 4 ns (7 ≤ n ≤ 20) for the 3p → ns transitions, 3s 2 3p 4 nd (6 ≤ n ≤ 20) for 3p → nd transitions, and 3s3p
5 np (4 ≤ n ≤ 11) for 3s → np transitions.
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Overview of measurements
An overview of the photoionization cross-section measurements over the photon energy range from 20 eV to 70 eV is presented in Fig. 1 . The data from 20 eV to 44 eV were taken with an energy resolution of 0.1 eV, and those from 44 eV to 70 eV with a resolution of 0.045 eV. Vertical lines in the figure indicate the ionization threshold energies of the ground state (highest in energy) and different metastable states listed in Table I for the metastable state. Figure 2 shows the photoionization cross section for K 2+ near the ground-state ionization threshold measured at a photon energy resolution of 0.004 eV. The ground-state ionization threshold was determined from the step to be 45.717 ± 0.030 eV. The measurement is 0.086 eV lower than the value tabulated in the NIST database [37] of 45.803 ± 0.012 eV which is the result from a multiconfiguration Dirac-Fock calculation [38] . Using the tabulated value of 0.268 eV for Figure 3 shows the photoionization resonance structure in the energy range from below the ionization threshold of the 2 P o 1/2 metastable state to the 3s 2 3p 4 ( 1 S) series limit of the K 3+ ion. In this energy range eight Rydberg series due to 3p → nd transitions differing in their final coupling between the excited electron and the core are characterized and assigned spectroscopically using the quantum defect form of the Rydberg formula. Of the eight series assigned in Figure 3, 
Here, n is the principal quantum number, δ n the quantum defect, being zero for a pure hydrogenic state. The mean quantum defect is given by δ and the series limit E ∞ (eV) are free parameters where Z = Z −N c . The Rydberg constant (Ry = 13.6057 eV), nuclear charge (Z = 19) and the number of core electrons (N c = 16) are fixed parameters. These eight Rydberg series are grouped together in Tables A.1 Figure 3 shows a nonzero photoionization cross section and small resonance features, suggesting population of more highly excited metastable states in the K 2+ ion beam. Thus an overview energy scan at a photon energy resolution and energy step size of 0.1 eV was made down to 20 eV, shown in Figure 1 . Strong resonance features are evident above 24.4 eV. Therefore photoionization measurements in the energy range 26 -30 eV were made at a photon energy resolution of 0.045 eV and step size of 0.005 eV, as shown in Figure 5 . The spectrum is dominated by a broad resonance feature of natural line width 1.15 eV, centered at 27.89 eV. This broad feature was initially speculated to be due to a 3s metastable state and converging to the series limit of 66.993 ± 0.049 eV, and a corresponding series originating from the 2 P o 3/2 ground-state and converging to the series limit of 67.017 ± 0.049 eV are also assigned in Figure 6 . The measured resonances of the eight Rydberg series in Figure 6 are plotted versus the principal quantum number, n, as shown in Figure A. 3 and fitted to the quantum defect form of the Rydberg formula [46] with mean quantum defect parameter δ and series limit E ∞ as free parameters. These series are grouped in Tables A.3, A.4, and A.5 by their measured energy positions, quantum defect parameters δ n , series limits, and assignments. The tabulated series limits in the NIST database [37] for the series 3s3p interference between the direct and the indirect photoionization channels for excitation of the 3s subshell.
V. COMPARISON WITH R-MATRIX THEORY
To further address the metastable content in the K 2+ parent ion beam, semi-relativistic R-matrix calculations in intermediate coupling of cross sections for photoionization were carried out from the ground state and all the metastable states up to and including those from the 3s 2 3p 4 ( 3 P )4s( 4 P ) levels. Table I lists all eighteen states investigated and the various excitation thresholds calculated from the semi-relativistic R-matrix approach compared to the available experimental data. Figures B.1 -B.5 in Appendix B present the cross section as a function of photon energy for these R-matrix calculations for the ground and the metastable levels that are listed in Table  I . For all of the metastable states investigated up to and including those from the 3s 2 3p 4 ( 3 P )4s( 4 P ) levels, the Rmatrix cross section calculations indicate minimal presence of resonance features in the photon energy region 44 -70 eV. However, resonances in the cross sections at photon energies below 44 eV are much stronger. In the photon energy range 26 -30 eV one sees the main features are a broad shoulder resonance located at around 28 eV superimposed by peaks in the cross sections which are due to the presence of the 3d( 4 P 5/2,3/2,1/2 ), 4s( 4 P 5/2,3/2,1/2 ) and 3d( 2 G 7/2,9/2 ) metastable states in the K 2+ primary ion beam.
A comparison in the photon energy range 44 -70 eV between the present experiment and the semi-relativistic R-matrix intermediate-coupling cross-section calculations indicates best agreement with a non-statistical distribution among the 18 possible initial states listed in Table I . Assuming 25% population of the 3s 2 3p 5 ( 2 P o 3/2 ) ground state and 25% in the 3s 2 3p 5 ( 2 P o 1/2 ) metastable state gives best agreement between theory and experiment, with the remaining 50% distributed among the more highly excited metastable states listed in Table I . Figure 7 illustrates this comparison between the measurements and semi-relativistic intermediate coupling Rmatrix results. The integrated oscillator strength f from the R-matrix calculations is 0.106, which compares favorably with the experimental value of 0.097 ± 0.021.
VI. SUMMARY AND CONCLUSIONS
Absolute photoionization cross-section measurements for K 2+ were performed at fixed photon energy resolution of 0.045 eV in the photon energy range 44.24 -69.74 eV. High-resolution measurements near the ground-state ionization threshold were performed at a photon energy resolution of 0.004 eV. The ground-state ionization threshold was determined to be 45.717 ± 0.030 eV, which is 0.089 eV lower than the value tabulated in the NIST database [37] . A non-zero photoionization cross section below the 3s 2 3p 5 ( 2 P o 1/2 ) metastable state was observed that is attributed to ionization from higher-lying metastable states. The Cowan Hartree-Fock atomic structure code was used to perform atomic-structure calculations to guide the assignments of the resonant features to Rydberg series. Eight Rydberg series of 3p → nd resonances originating from both the 3s 2 3p 5 ( 2 P o 1/2 ) metastable state and 3s 2 3p 5 ( 2 P o 3/2 ) ground state were identified and spectroscopically assigned using the quantum defect theory. Eight more Rydberg series of resonances due to 3s → np inner-shell excitations were also identified. These series (due to 3p → nd and 3s → np transitions) are tabulated according to their measured energy positions, quantum defect parameters, series limits, and assignments. The limits for the assigned Rydberg series provide additional evidence that the ground-state ionization potential of K 2+ is 45.717 eV.
Detailed calculations using the Breit-Pauli approximations within the R-matrix approach were performed from the ground state and all metastable states lying below the 3s 2 3p 4 ( 3 P )4s( 4 P ) levels over the photon energy range 20 -70 eV. Suitable agreement with experiment is found with the intermediate coupling R-matrix calculations using a non-statistical initial distribution among the metastable and ground states of the system. The present semi-relativistic R-matrix calculations are consistent with 25% of the parent K 2+ ion beam in the ground state, 25% in the 3s 2 3p 5 ( 2 P o 1/2 ) metastable state the remaining 50% distributed among the high-lying 44  46  48  50  52  54  56  58  60  62  64  66  68  70  0   1   2   44  46  48  50  52  54  56  58  60  62  64  66  68  70  0   1   2   44  46  48  50  52  54  56  58  60  62  64  66  68 metastable states considered for this system up to the 3s 2 3p 4 ( 3 P )4s( 4 P ) levels. The photoionization cross-sections from the present study are suitable for inclusion into state-of-the-art photoionization modeling codes such as CLOUDY [8, 9] , XS-TAR [48] and AtomDB [49] that are used to numerically simulate the thermal and ionization structure of ionized astrophysical nebulae. Table I . The theoretical results has been convoluted with a Gaussian of 45 meV FWHM to simulate the photon energy resolution of the experiment.
